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Abstract

Recently, a new monocyte subset known as Mon4, characterized by distinct gene expressions, has been identified but
remains poorly characterized. In this study, our objective was to comprehensively characterise Mon4 in healthy individuals
and explore its correlation with major adverse cardiovascular events (MACE) in patients with ST-elevation myocardial
infarction (STEMI). Our study enrolled 20 healthy individuals and 245 STEMI patients who underwent primary percutane-
ous coronary intervention (PCI). We analysed monocyte subsets using flow cytometry and collected bone marrow samples
from 11 healthy individuals. Cardiac function assessments were performed in STEMI patients through echocardiography
within 3 days post-PCI. Mon4 displayed significant differences compared to Monl, Mon2, and Mon3 in various param-
eters among healthy individuals, underscoring its distinct profile. In STEMI patients, above-median Mon4 counts were
associated with a increased risk of MACE (hazard ratio [HR] 3.11, 95% confidence interval [CI] 1.55-6.24, p=0.01)
and heart failure (HR 3.25, 95% CI 1.14-9.24, p=0.03) after adjusting for other predictive factors. This study highlights
the unique characteristics of Mon4 and its clinical significance. The distinctive gene signature of Mon4, coupled with its
association with MACE and heart failure, suggests its potential utility as a biomarker for risk assessment in MI patients.
Further investigations are warranted to explore the therapeutic potential of targeting Mon4 in reducing cardiovascular
complications following MACE.
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Graphical Abstract

Mon4 as a novel monocyte subset with distinct profile and predictor of
poor outcomes in individuals with myocardial infarction

AIMS AND METHODS

Obijective 1
Characterise the new monocyte subset Mon4 in the
healthy individuals

Objective 2
Investigate relationship between Mon4 and major
adverse cardiovascular events (MACE) in patients
with ST-elevation myocardial infarction (STEMI)
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Gating strategies and presentation of monocyte
subsets.
Mon4 displayed significant differences compared to

Mon1, Mon2, and Mon3 among healthy individuals in

terms of counts and profile.
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Adjusted predictive value of Mon4 for MACE in
patients with STEMI.

Below-median count of Mon4 were associated with a
reduced risk of MACE

The study highlight the unique characteristic of Mon4 as a new monocyte subset in healthy individuals
with a clinical association with risk of MACE in patients with STEMI.

Keywords Major adverse cardiovascular events - Monocyte subsets - Myocardial infarction - Cardiac function

Introduction

Monocytes are a key component of the innate immune sys-
tem and play a crucial role in immune surveillance, patho-
gen clearance, and immune regulation. Monocytes are not
a homogenous population and include distinct subsets with
diverse gene expression profiles and functional characteris-
tics. Inflammation plays a crucial role in the development
and progression of cardiovascular diseases, and emerging
evidence suggests that specific subsets of monocytes, a key
component of the innate immune system, are involved in
this process (Libby, Ridker et al. [8], Wong, Tai et al. [23]).
Understanding the unique properties of these monocyte sub-
sets is essential for unraveling their contributions to immune
responses and disease pathogenesis.

Monocytes are traditionally classified into three sub-
sets based on surface marker expression: Monl (classical,
CD14++CD16-), Mon2 (intermediate, CD14++CD16+),
and Mon3 (nonclassical, CD14+CD16++) (Wong, Tai et al.
[23], Weber, Shantsila et al. [21]). Monl, the most preva-
lent subset, is crucial for pathogen clearance and immune
surveillance and are involved in patrolling the endothelium,
phagocytosis, and antigen presentation. Mon2 is impli-
cated in tissue repair, angiogenesis, cytokine production
and in the progression of cardiovascular diseases, and are
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associated with a pro-inflammatory phenotype. Mon3 plays
a role in immune regulation, tissue repair, inflammatory
responses, extravasation into tissues, and potential roles
in chronic inflammatory conditions (Wong, Tai et al. [23],
Weber, Shantsila et al. [21]). Our group and other studies
have shown that Mon1 (Berg, Ljungcrantz et al. [2]) and
Mon2 (Tapp, Shantsila et al. [14], Shantsila, Ghattas et al.
[12]) can independently predict adverse events in MI.
While classical, intermediate, and non-classical mono-
cytes have been well-characterized, recent studies have shed
light on the existence of a newly identified monocyte subset
(Villani, Satija et al. [18], Vinci, Pedicino et al. [19]). This
new subset has been revealed by Single-cell Ribonucleic
acid (RNA)-sequencing and multicolour flow cytometry,
and has been classified in various ways (e.g., intermediate
monocyte subset, pre-classical monocyte subset, or natural
killer dendritic cells) [6], Taieb, Chaput et al. [13], Welner,
Pelayo et al. [22], Villani, Satija et al. [18], Merah-Mourah,
Cohen et al. [9], Vinci, Pedicino et al. [19]). A study found
that this new monocyte subset was present in individuals
with non-ST elevation acute coronary syndrome (ACS)
only (Villani, Satija et al. [18]). The new monocyte subset
(abbreviated as Mon4 in this manuscript) exhibits distinct
gene expression profiles with low expression of adhesion
molecules CD49d, CD162, CD62L and of chemokine
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receptor CX3CRI1 that could be indicative of functional
changes or alterations in the activation state of monocytes
(Merah-Mourah, Cohen et al. [9]). Other studies have high-
lighted the expression of genes associated with cytotoxic
activity in immune cells (Villani, Satija et al. [18]). These
characteristics suggest that Mon4 may have a distinct role
in the pathogenesis of cardiovascular diseases.

Our study aimed to provide detailed description of Mon4
phenotype in healthy individuals and to investigate its rela-
tionship to clinical outcomes in patients with MI.

Materials and methods
Study design and participants’ recruitment

The analysis included 20 healthy individuals and 245
patients who were admitted with ST-elevation MI (STEMI)
to National Health Service hospitals in Birmingham, United
Kingdom: City Hospital (n=284), Sandwell General Hospi-
tal (n=32), Birmingham Heartlands Hospital (n=107), and
Queen Elizabeth Hospital Birmingham (n=22) between
November 2009 and November 2012, and met the study cri-
teria. STEMI diagnosis followed the definition provided by
the European Society of Cardiology, and all patients under-
went primary percutaneous coronary intervention (PCI)
(Van de Werf, Bax et al. [17]. Exclusion criteria for patients
with STEMI were infectious diseases (e.g., sepsis) and
inflammatory disorders (e.g., theumatoid arthritis, psoriasis,
and systemic lupus erythematosus) requiring treatment with
steroids or other immunosuppressive agents, active cancer,
severe renal failure, significant valvular heart disease, and
previous myocardial infarction within the past six months.
Patient data was excluded when flow cytometry quality
standards were unmet (n=13). Standard medical therapy
post-PCI was administered to all study patients according to
current European Society of Cardiology guidelines (Van de
Werf, Bax et al. [17]. The study adhered to the Helsinki Dec-
laration and obtained approval from the Coventry Research
Ethics Committee (approval number 09/H1210/11). All par-
ticipants provided written informed consent.

The healthy individuals reported to our laboratory
between 11:00am and 12:00pm without fasting which were
processed within 30 min of collection. Peripheral venous
blood was collected after primary PCI within the first 24 h
from admission (baseline). Blood samples of both groups
were processed within 60 min for flow cytometric analysis
of monocyte subsets. Plasma was obtained through centrifu-
gation and stored at -70 °C for subsequent batched analyses.
Flow cytometry, ELISA, and cardiac function measure-
ments are detailed in supplemental (Supplemental material).

Flow cytometry

Monocyte subsets were quantified and characterised by flow
cytometry. Flow cytometric analysis of monocyte subsets
was conducted using a BD FACSCalibur flow cytometer
(Becton Dickinson, Oxford, UK), following previously
described methods (Shantsila, Wrigley et al. [11], Shantsila,
Ghattas et al. [12]. The monocyte subsets were defined based
on consensus guidance: Monl (‘classical’ CD14++CD16-
), Mon2 (‘intermediate’ CD14++CD16+CCR2+), and
Mon3 (‘non-classical’ CD14+CD16++CCR2-) (Weber,
Shantsila et al. [21]) The new (Mon4) subset was defined
CD14+CD16- cells, which are seen as a small cluster of
cells adjacent to Monl on CD14 vs. CD16 flow cytometry
plot (Fig. 1). Monocyte platelet aggregates (MPAs) were
defined as events positive to both monocyte markers (as
above) and the platelet marker CD42a (glycoprotein IX).
More details are available in Supplemental material.

Outcome events

To answer our second research question, we investi-
gated the first occurrence of major adverse cardiovascular
events (MACE) in patients with STEMI only. MACE was
defined as recurrent ACS (unstable angina, or non-STEMI,
or STEMI with the presence of 2/3 criteria: that is, typi-
cal chest pain, electrocardiographic ischemic change, or
elevated troponin T) (Thompson, Franklin et al. [16]), new
clinical diagnosis of congestive heart failure (HF) based on
symptoms and echocardiographic evidence of left ventricu-
lar dysfunction or death. The analysis excluded two cases
of periprocedural death on the day of STEMI. Patients with
STEMI were followed up using electronic hospital records
from each recruitment site. Patients who were not reviewed
in hospital were contacted to enquire about any events that
were not recorded by their local hospital.

Statistical analyses

Continuous data were reported as median and interquar-
tile range (IQR) with Mann-Whitney unpaired test used to
examine the differences between Mon4 and the other mono-
cyte subsets (i.e., Monl, Mon2, and Mon3) in the healthy
group, and the baseline characteristics between individuals
where MACE occurred versus those who did not experience
MACE in the STEMI group. Univariate Cox proportional
hazard ratios (HR) were calculated to evaluate the pre-
dictive value of Mon4 for survival outcomes in the study
based on the median. Significant univariate predictors were
included in multivariable models to determine their inde-
pendent predictive value compared to the reference model.
The reference model comprised age, sex, maximal troponin
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Fig. 1 Gating strategies and A
presentation of monocyte subsets.
(a) selection on monocyte region
on forward scatter (FSC) vs. side
scatter (SSC) plot, (b) separa-
tion of mononuclear cells from
granulocytes, (¢) selection of
CD14-lymphocytes to separate 1
CD16+CD14- natural killer
lymphocytes from CD16+mono- 0
cyte subsets, (e) separation of
monocyte subset, that must
correspond to regions Monos on
(a) and Mon on (b) but must not
include lymphocytes from (c),
(g) separation of CD16+mono-
cyte subsets on the basis of their
CCR2 expression, (h) CCR2
expression of Monl, (d) and (f)
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T levels, estimated glomerular filtration rate, and a history
of hypertension and hypercholesterolemia, and smoking,
and Mon2. Kaplan-Meier curves were constructed to assess
survival based on relative medians. All statistical analy-
ses were performed using R version 4.3.0 (PBC, Boston,
MA, USA) with the following packages: survival [15] and
survminer (Alboukadel, Marcin et al. [1]). P values<0.05
were considered statistically significant.

Results
Blood Mon4 in healthy individuals

Baseline characteristics of healthy individuals have been
published in our previous work (Shantsila, Wrigley et al.
[11]. Mean+SD age was 3046 years, body mass index was
23.2+2.9 kg/m?, and 60% were women (Shantsila, Wrigley
et al. [11]. Mon4 counts were 517 per pL, making it the
scarcest monocyte subset. Mon4 phenotype showed signifi-
cant differences compared to other subsets in their rates of
aggregates with platelets (all p<0.05). Mon4 was the small-
est monocyte subset based on forward scatter (p<0.001
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vs. Mon1-Mon3), and showed least granularity compared
to other subsets based on side scatter (»p<0.001 vs. Monl-
Mon3). Mon4 CCR2 expression was slightly lower than
Monl (p=0.02), similar to Mon2 (p=0.08) and higher
than on Mon3 (p<0.001). Mon4 included a lower percent-
age with progenitor cells (»p<0.001 vs. Mon2-Mon3), and
higher percentage compared to Monl (»<0.001). Mon4
exhibited a higher expression of CD115, Tie2 and VEGF
receptor 1 compared to Mon3 (all p<0.001). Mon4 had
lower expression of CCR2, CD64, and CD163 vs. Monl
and Mon2 (all p<0.001); of CD204, CXCR4, integrin B2,
integrin o4, KDR, ferritin, ApoB, and TLR4 vs. Mon2 and
Mon3 (all p<0.001); of interleukin-6 receptor vs. Monl
and Mon3 (all p<0.05); and of CD34 vs. Monl1-Mon3 (all
p<0.001). More details are presented in Table 1.

Mon4 in STEMI

Baseline characteristics of patients with STEMI have been
published in our previous work (Shantsila, Ghattas et al.
[12], Boidin, Lip et al. [4]). Among the 245 patients with
STEMI (age 60+ 12 years; 22% women), 82 (33%) devel-
oped a MACE during a median follow-up of 46 months.
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Table 1 Clinical characteristics of the healthy individuals

Monl Mon2 Mon3 Mon4 P values

Mon4 Mon4 Mon4

vs. vs. Vvs.

Monl Mon2 Mon3
Count, cell/puL 650 (443-806) 90 (59-119) 60 (42-93) 52 (37-100) <0.001 <0.001 0.01
Percentage of all monocytes, % 75 (62-81) 10 (7-12) 7 (5-11) 6 (4-13) <0.001 <0.001 0.001
Aggregates with platelets, % 7.6 (5.6-11.7) 9.7 (7.3-14.3) 10.3 (8.2-13.6) 8.6 (6.4-12.3) <0.05 0.003 <0.001
Forward scatter, channel 601 (578-630) 647 (616—680) 644 (617-686) 558 (529-594) <0.001 <0.001 <0.001
Side scatter, channel 346 (321-370) 354 (330-382) 356 (323-634) 291 (268-317) <0.001 <0.001 <0.001
CD14, MFI 1,727 1,856 177 (154-213) 559 (384-626) <0.001 <0.001 <0.001

(1,596-2,102) (1,621-2,305)
CD16, MFI 547 44 (34-66) 114 (85-155) 4 (3-5) <0.001 <0.001 <0.001
CCR2+, % 99 (98-99) 97 (96-98) 60 (53-73) 94 (91-96) <0.001 <0.001 <0.001
CCR2, MFI 227 (180-269) 139 (110-193) 24 (21-33) 196 (127-237) 0.02 0.08 <0.001
CD64, % 100 (100-100) 100 (99-100) 96 (89-98) 98 (97-99) <0.001 <0.001 0.002
CD64, MFI 355 (324-407) 344 (277-368) 80 (69-93) 236 (199-292) <0.001 <0.001 <0.001
CD115+, % 41 (23-55) 84 (72-89) 80 (62-86) 14 (2-22) 0.003 <0.001 <0.001
CD115, MFI 15 (7-19) 40 (28-53) 34 (23-42) 9 (5-11) 0.004 <0.001 <0.001
CD204+, % 5(3-16) 53 (41-75) 59 (52-70) 5(2-15) 0.90 <0.001 <0.001
CD204, MFI 5(4-9) 16 (13-59) 30 (23-48) 447 0.06 <0.001 <0.001
CD163+, % 98 (96-99) 96 (93-97) 72 (64-78) 83 (73-89) <0.001 <0.001 0.005
CD163, MFI 201 (138-257)  255(182-315) 36 (26-47) 54 (16-113) <0.001 <0.001 0.05
Integrin a4+, % 37 (28-46) 75 (67-84) 81 (73-86) 27 (21-38) 0.02 <0.001 <0.001
Integrin o4, MFI 16 (13-19) 35 (28-41) 48 (42-55) 14 (12-18) 0.29 <0.001 <0.001
CXCR4+, % 46 (20-69) 78 (62-88) 66 (57-82) 46 (33-71) 0.56 <0.001 <0.001
CXCR4, MFI 18 (11-31) 43 (26-91) 53 (29-85) 20 (14-49) 0.17 0.02 0.001
Tie2+, % 3(2-8) 41 (26-60) 53 (36-66) 5(3-8) 0.18 <0.001 <0.001
Tie2, MFI 7 (6-10) 18 (12-24) 21 (13-32) 5(4-5) <0.001 <0.001 <0.001
VEGEF receptor 1+, % 6 (3-14) 49 (42-58) 49 (46-62) 3 (1-6) 0.001 <0.001 <0.001
VEGF receptor 1, MFI 7 (6-10) 18 (13-28) 21 (16-26) 5(4-6) <0.001 <0.001 <0.001
KDR+, % 0(0-2) 23 (23-23) 26 (15-44) 1 (0-3) 0.17 <0.001 <0.001
KDR+, MFI 3 (3-6) 5(4-13) 8 (5-16) 3(2-3) 0.003 <0.001 <0.001
CD34+, % 0 (0-0) 1(1-1) 28 (21-36) 0(0-1) <0.001 <0.001 <0.001
CD34+, MFI 3(2-3) 334 4 (4-7) 2 (2-3) 0.21 <0.001 <0.001
Ferritin+, % 1(0-2) 12 (5-15) 30 (21-36) 1(0-2) 0.36 <0.001 <0.001
Ferritin, MFI 5(4-6) 6 (5-7) 6 (5-9) 3(3-4) <0.001 <0.001 <0.001
ApoB+, % 5(2-14) 24 (16-40) 36 (30-43) 4(2-13) 0.82 <0.001 <0.001
ApoB, MFI 6 (5-8) 10 (9-16) 14 (12-17) 5(4-7) 0.09 <0.001 <0.001
TLR4+, % 5(2-9) 40 (28-56) 44 (37-63) 3(2-8) 0.41 <0.001 <0.001
TLR4, MFI 6 (5-8) 14 (10-20) 18 (12-35) 5 (4-6) <0.001 <0.001 <0.001
Interleukin-6 receptor, % 99 (95-100) 98 (92-99) 89 (80-93) 94 (82-97) <0.001 0.003 0.03
Interleukin-6 receptor, MFI 57 (48-65) 61 (53-72) 48 (39-57) 69 (49-82) <0.05 0.43 0.001
EPC, % 0.01 (0.00-0.04) 0.92 (0.92-0.92) 20.75 0.12 (0.03-0.39) <0.001 <0.001 <0.001
(13.48-26.20)

Mac-1, % 99.8 (99.5-99.9) 99 (97.9-99.6)  99.3 (98.5-99.7) 94.7 (88-97.3) <0.001 <0.001 <0.001
Mac-1, MFI 65 (51-253) 129 (93-289) 83 (72-124) 40 (31-118) 0.004 <0.001 <0.001

Data are expressed as median (IQR)

MFI: median fluorescence intensity; VEGF: vascular endothelial growth factor; KDR: killer lectin like receptor; ApoB: apolipoprotein B; TLR:

toll-like receptors; EPC: endothelial progenitor cells; Mac-1: macrophage-1 antigen; IQR: interquartile ranges

In bold are parameters which were significantly different (p<0.05)
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MACE included HF (n=37, 45%), recurrent ACS (n=34,
41%), and deaths (n=19, 23%). Patients with MACE were
older, had higher post-MI troponin T levels, lower eGFR,
and a higher proportion of cardiovascular risk factors
(»<0.05 for all). Systolic and diastolic LV function, and
global longitudinal strain were impaired in patients with
STEMI who presented a MACE compared to those who
did not (all p<0.05). No difference was observed regarding
flow cytometry parameters (Table 2).

On univariate analysis, above-median counts of Mon4
were associated with a 212% increased relative risk of
MACE, and a 231% increased risk of HF compared to
below-median counts of Mon4. After adjusting for the other
predictors in multivariate analysis, above-median Mon4 lev-
els remained significantly associated with a 311% increased
risk of MACE and 325% increased risk of HF (Fig. 2).

Discussion

In the context of MI, monocytes are crucial in orchestrat-
ing the inflammatory response and the different subsets
may play a different role in the process. Although this new
monocyte subset Mon4 has been already observed and clas-
sified in different ways, all agreed that it expresses a unique
combination of genes that have the potential to affect their
functions. Using flow cytometry, our study first time dem-
onstrates distinct phenotype of Mon4 compared to Monl,
Mon2, and Mon3. The study further highlights the clinical
significance of Mon4 as a potential biomarker for risk strati-
fication in individuals with MI, suggesting its involvement
in the pathophysiology of MACE and HF.

Monocytes play a crucial role in the immune response
and inflammation by participating in various processes such
as phagocytosis, antigen presentation, and cytokine produc-
tion. The plasticity of monocytes to differentiate into dif-
ferent cell types highlights their versatility and their role
in bridging the innate and adaptive immune responses, and
their current gene expressions may vary over time, leading
to different functions. This study demonstrates that Mon4
was already present in bone marrow, as it was the case in
the other three subsets (Shantsila, Wrigley et al. [11]). Its
presence in bone marrow means that Mon4 represents an
independent subset rather than different stages of monocyte
maturation.

This new Mon4 subset has been already observed in
healthy individuals (Merah-Mourah, Cohen et al. [9]) and
ACS patients without ST elevation (Vinci, Pedicino et al.
[19]). Our study provides first data on its changes in STEMI
and its impact for post-STEMI outcomes. This Mon4
observed in ACS patients with non-STEMI (Vinci, Pedicino
et al. [19]) was linked the rupture of fibrous plaque cap and
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culprit plaque infiltration with macrophage. Macrophage
infiltration represents is key for atherosclerotic plaque onset
and progression and is closely related with systemic inflam-
mation (Scalone, Niccoli et al. [10]). In the study with ACS
patients with non-ST elevation, the levels of high-sensitivity
C-reactive protein, which is a marker of inflammation where
similar between those with intact fibrous caps and those
ruptured fibrous caps, indicating a similar overall inflam-
matory burden in both patient groups (Vinci, Pedicino et al.
[19]). However, the expansion of Mon4 was closely linked
to macrophage infiltration and ruptured fibrous caps, while
comparable frequencies were observed in intact fibrous caps
and chronic coronary heart disease. These findings suggest
that Mon4 plays a role in the pathogenesis of plaque rupture,
independent to some extent from the systemic inflamma-
tion (Biasucci, Pedicino et al. [3]). We show Mon4 counts
in acute STEMI are associated with clinical outcomes. This
means that Mon4 may not only serve as a signature of plaque
rupture or as a target for future therapeutic interventions but
also as a powerful tool for clinical diagnosis, enhancing our
ability to identify and manage patients at risk.

Activation of innate immunity plays a pivotal role in the
pathogenesis of ACS by contributing to the development
and progression of atherosclerotic plaques (Wang, Liu et al.
[20]). Among the cells involved in innate immunity, mono-
cytes stand out due to their remarkable plasticity and ability
to adopt various functional phenotypes (Cane, Ugel et al.
[5]). Studies have shown that approximately two-thirds of
ACS patients, particularly those with plaque rupture identi-
fied through optical coherence tomography, exhibit signs of
plaque macrophage infiltration and elevated systemic levels
of inflammatory biomarkers (Scalone, Niccoli et al. [10]).
Specifically, in ACS patients with ruptured fibrous caps,
monocyte-derived macrophages demonstrate pro-throm-
botic and inflammatory characteristics (Fracassi, Niccoli et
al. [7]). The proportion of Mon4 is notably higher in ACS
patients, particularly in those with ruptured fibrous cap and
concurrent local macrophage infiltration (Vinci, Pedicino et
al. [19]). It is worth emphasizing that macrophage infiltra-
tion represents a primary initiator of atherosclerotic plaque
formation and progression. However, it’s important to note
that not all ACS patients with plaque rupture exhibit local
macrophage infiltration, and the presence of macrophages
is closely associated with systemic inflammation (Scalone,
Niccoli et al. [10]). Whilst systemic inflammation patterns
are similar in non-ST elevation ACS patients with plaque
erosion or rupture, the Mon4 is specifically linked to macro-
phage infiltration and the presence of ruptured fibrous caps.
Additionally, a comparable frequency of Mon4 has been
observed in non-ST elevation ACS patients with plaque ero-
sion and those with chronic coronary syndrome (Vinci, Ped-
icino et al. [19]). This indicates that Mon4 has an important
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Table 2 Characteristics of the study patients with STEMI on recruitment

No MACE MACE Overall P values

(n=163) (n=82) (n=245)
Demographic and clinical characteristics
Age, years old 58 (51-66) 67 (58-73) 61 (52-68) <0.001
Female sex, n (%) 124 (76) 66 (80) 190 (78) 0.54
Body mass index, kg/m? 26 (25-29) 26 (24-27) 26 (25-28) 0.23
Current smokers, n (%) 96 (59) 41 (50) 137 (56) 0.22
Hypertension, n (%) 74 (45) 51(62) 125 (51) 0.02
Type 2 diabetes, n (%) 31(19) 26 (32) 57 (23) 0.07
Hypercholesterolemia, n (%) 45 (28) 38 (28) 83 (34) 0.02
Chronic obstructive pulmonary disease, n (%) 20 (12) 9(11) 29 (12) 0.94
Cerebral vascular accident, n (%) 8(5) 10 (12) 18 (7) 0.07
Myocardial infarction, n (%) 14 (9) 19 (23) 33(13) 0.003
Percutaneous coronary intervention, n (%) 11(7) 11 (13) 22(9) 0.14
Coronary artery bypass surgery, n (%) 6(4) 6(7) 12 (5) 0.36
Inferior STEMI, n (%) 55 (34) 21 (26) 76 (31) 0.08
Left anterior descending STEMI, n (%) 36 (44) 44 (27) 80 (33) 0.04
Biomarkers and flow cytometry parameters
Counts of Monl, n 588 (456-742) 708 (563-977) 616 (488-841) <0.001
Counts of Mon2, n 106 (61-191) 156 (81-298) 118 (63-229) <0.001
Counts of Mon3, n 51(33-71) 59 (43-82) 55(37-72) 0.03
Counts of Mon4, n 30 (22-41) 38.5(25-50.8) 32 (23-46) 0.004
Aggregates with platelets, % 8.0 (6.0-12.0) 8.5(5.8-11.0) 8.0 (6.0-12.0) 0.68
Forward scatter, channel 689 (612-748) 721.5 (609-748) 699 (610-748) 0.63
Side scatter, channel 249 (226-274) 248.5 (227-275) 249 (227-275) 0.66
CD14, MFI 488 (387-591) 522 (384-635) 500 (386-599) 0.32
CD16, MFI 12 (10-14) 12 (10-13) 12 (10-14) 0.91
CCR2, MFI 129 (96-162) 128.5 (91-166) 129 (93-163) 0.88
Troponin T, ng/L 1958 (865-4550) 3930 (1692-9352) 2340 (1080-6020) 0.001
Creatine kinase, units/L 968 (435-1860) 985 (589-2370) 970 (455-2152) 0.37
¢GFR, mL/min/1.73 m? 84 (65-90) 69 (56-84) 77 (63-90) <0.001
Total cholesterol, mmol/L 4 (4-5) 4 (4-5) 4 (4-5) 0.72
White cell counts, 10°/L 10 (8-12) 11 (8-13) 11 (8-13) 0.11
Medications
RAAS inhibitors, n (%) 69 (42) 50 (61) 119 (49) 0.008
Diuretics, n (%) 22 (13) 19 (23) 41 (17) 0.18
Aspirin, n (%) 79 (48) 54 (66) 133 (54) 0.01
Beta-blockers, n (%) 46 (28) 30(37) 76 (31) 0.23
Calcium channel blockers, n (%) 26 (16) 21 (26) 47 (19) 0.10
Cardiac function
End-diastolic volume, mL 85.5(72.8-98) 92 (82-107) 88 (74-102) 0.01
End-systolic volume, mL 38 (32-51) 45 (34-57.5) 41 (33.2-53) 0.02
Left ventricular ejection fraction, % 55 (47-59) 42 (36-52) 51 (43-57) <0.001
E/A 1(0-1) 1(0-1) 1(0-1) 0.34
E/e’ 9 (7-11) 10 (8-13) 9 (8-11) 0.005
Left atrial volume, mL 41 (33-51) 47 (34-58) 43.5 (33-53) 0.13
Fraction area change, % 32 (26-38) 35(31-39) 32.5(27-39) 0.08
TAPSE, mm 19.5 (17-21) 18.5 (17-22) 19 (17-21) 0.84
Global longitudinal strain, % -16 (-17 - -13) -11 (-14--9) -14 (-16 - -11) <0.001
Global longitudinal strain rate, s 154 (102-187) 135 (105-169) 143 (103-183) 0.43
Circumferential strain, % -18 (-20- -13) -12 (-17 - -10) -15(-20 - -11) 0.003
Circumferential strain rate, s~ ' 147 (108-178.25) 153 (122-179.5) 148 (111-180) 0.58

Continuous variables are expressed as median (IQR); dichotomous variables are expressed as number and percentage

STEMI: ST elevation myocardial infarction; MACE: major adverse cardiovascular events; eGFR: estimated glomerular filtration rate; RAAS:
renin-angiotensin-aldosterone system; IQR: Interquartile ranges

P values in bold when <0.05 between No MACE and MACE groups
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Fig. 2 Predictive value of Mon4 for MACE, HF, and death. Univari-
ate (left panels) and multivariate (right panels) survival analyses from
MACE (panels A and B), HF (panels C and D), and death (panels
E and F) in Mon4 according the baseline counts in blood counts of
monocyte subsets. Multivariate analyses were adjusted for age, sex,

role in the pathogenesis of plaque rupture, independently
from systemic inflammatory burden (Biasucci, Pedicino et
al. [3]). Thus, in addition to the clinical marker of plaque
rupture of Mon4, this monocyte can be also used as pow-
erful predictor of cardiovascular complications in patients
with STEMI.

This new identified Mon4 could serve as a potential bio-
marker for plaque rupture risk, offering a new diagnostic
approach beyond traditional inflammatory indicators. In
vitro experiments demonstrated that patients with non-ST
elevation ACS with plaque rupture show distinct inflamma-
tory responses, particularly in cytokine release, which may
predict individual inflammatory reactions and potential clin-
ical outcomes. Potential mechanisms need to be studied to
elucidate the function of Mon4. This new monocyte appears
to act as a critical inflammatory mediator, potentially serv-
ing as a sentinel cell that responds to early vascular injury
and contributes to plaque destabilization (Villani, Satija et
al. [18]). These findings suggest Mon4 as a promising target
for future therapeutic interventions in cardiovascular dis-
ease, potentially providing insights into plaque progression
and patient risk stratification.

@ Springer

maximal troponin T levels, estimated glomerular filtration rate, and a
history of hypertension and hypercholesterolemia, smoking and Mon2.
MACE: Major adverse cardiovascular events; HF: Heart failure; HR:
Hazard ratio; CI: Confidence interval

The biological mechanism by which Mon4 might influ-
ence outcomes is not explored. Including more discussion
on the potential functional roles of Mon4, supported by
existing literature, would help.

Strengths and limitations

Our study is the first to discriminate the specific characteris-
tics of the new monocyte subset Mon4 using blood sample
from the periphery. It is also the first to demonstrate the
close relationship between Mon4 and MACE in large sam-
ple size (n=245) of patients with STEMI. We used a robust,
highly reproducible, and observer independent technique to
analyse flow cytometry (Shantsila, Wrigley et al. [11]), we
used different recruitment sites, which could lead to poten-
tial bias in terms of procedure. However, we used. The main
limitation relates the observational nature of the study, that
makes assessment of causality difficult. In patients with
STEMI, the assessment of monocyte subsets was done
using blood samples, which do not describe their behaviour
in the myocardium. The study focused on monocyte counts
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and phenotype and assessment of their function was beyond
the study scope.

Conclusions

Our study sheds light on the significance of monocytes,
particularly the newly described Mon4. Whilst Mon4 has
been previously observed in different contexts, our study is
the first to provide a detailed characterization of its unique
phenotype in a healthy cohort, which differs from the
other monocyte subsets. The study demonstrates the clini-
cal significance of Mon4 as a potential biomarker for risk
assessment in individuals with STEMI. We established a
significant association between Mon4 coins and the risk of
MACE and heart failure. Future studies are needed to better
understand the mechanistic roles of Mon4 in people with MI
and their potential as therapeutic targets.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s11239-0
25-03111-4.

Author contributions M.B. drafted the manuscript. All authors con-
tributed to the interpretation of results, revising the manuscript and ap-
proved the final version of the manuscript and agree to be accountable
for all aspects of the work. E.S. and G.L. conceived and designed the
study and organised data collection. M.B. performed data analysis. All
persons designated as authors qualify for authorship, and all those who
qualify for authorship are listed.

Declarations

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1 Alboukadel K, Marcin K, Przemyslaw B, Scheipl F (2021)
survminer: Drawing Survival Curves using ‘ggplot2’. 2022, from
https://rpkgs.datanovia.com/survminer/index.html

2 Berg KE, Ljungcrantz I, Andersson L, Bryngelsson C, Hedblad
B, Fredrikson GN, Nilsson J, Bjorkbacka H (2012) Elevated

10

11.

17

CD14++CD16- monocytes predict cardiovascular events. Circ
Cardiovasc Genet 5(1):122—131

Biasucci LM, Pedicino D, Liuzzo G (2020) Promises and chal-
lenges of targeting inflammation to treat cardiovascular disease:
the post-CANTOS era. Eur Heart J 41(23):2164-2167

Boidin M, Lip GYH, Shantsila A, Thijssen D, Shantsila E (2023)
Dynamic changes of monocytes subsets predict major adverse
cardiovascular events and left ventricular function after STEMI.
Sci Rep 13(1):48

Cane S, Ugel S, Trovato R, Marigo I, De Sanctis F, Sartoris S,
Bronte V (2019) Endless Saga Monocyte Divers Front Immunol
10:1786

Chan CW, Crafton E, Fan HN, Flook J, Yoshimura K, Skarica M,
Brockstedt D, Dubensky TW, Stins MF, Lanier LL, Pardoll DM,
Housseau F (2006) Interferon-producing killer dendritic cells
provide a link between innate and adaptive immunity. Nat Med
12(2):207-213

Fracassi F, Niccoli G, Cosentino N, Eligini S, Fiorelli S, Fabbioc-
chi F, Vetrugno V, Refaat H, Montone RA, Marenzi G, Tremoli E,
Crea F (2021) Human monocyte-derived macrophages: pathoge-
netic role in plaque rupture associated to systemic inflammation.
Int J Cardiol 325:1-8

Libby P, Ridker PM, Hansson GK (2009) Inflammation in athero-
sclerosis: from pathophysiology to practice. ] Am Coll Cardiol
54(23):2129-2138

Merah-Mourah F, Cohen SO, Charron D, Mooney N, Haziot A
(2020) Identification of novel human monocyte subsets and evi-
dence for phenotypic groups defined by interindividual variations
of expression of adhesion molecules. Sci Rep 10(1):4397
Scalone G, Niccoli G, Refaat H, Vergallo R, Porto I, Leone
AM, Burzotta F, D’Amario D, Liuzzo G, Fracassi F, Trani C,
Crea F (2017) Not all plaque ruptures are born equal: an opti-
cal coherence tomography study. Eur Heart J Cardiovasc Imaging
18(11):1271-1277

Shantsila E, Wrigley B, Tapp L, Apostolakis S, Montoro-Garcia
S, Drayson MT, Lip GY (2011) Immunophenotypic character-
ization of human monocyte subsets: possible implications for
cardiovascular disease pathophysiology. J Thromb Haemost
9(5):1056-1066

Shantsila E, Ghattas A, Griffiths HR, Lip GYH (2019) Mon2
predicts poor outcome in ST-elevation myocardial infarction. J
Intern Med 285(3):301-316

Taieb J, Chaput N, Ménard C, Apetoh L, Ullrich E, Bonmort M,
Péquignot M, Casares N, Terme M, Flament C, Opolon P, Lecluse
Y, Métivier D, Tomasello E, Vivier E, Ghiringhelli F, Martin F,
Klatzmann D, Poynard T, Tursz T, Raposo G, Yagita H, Ryffel
B, Kroemer G, Zitvogel L (2006) A novel dendritic cell subset
involved in tumor immunosurveillance. Nat Med 12(2):214-219
Tapp LD, Shantsila E, Wrigley BJ, Pamukcu B, Lip GY (2012)
The CD14++CDI16+monocyte subset and monocyte-platelet
interactions in patients with ST-elevation myocardial infarction. J
Thromb Haemost 10(7):1231-1241

Therneau TM (2022) A Package for Survival Analysis in R. 2022,
from https://CRAN.R-project.org/package=survival

Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D,
Estes NA 3rd, Fulton JE, Gordon NF, Haskell WL, Link MS,
Maron BJ, Mittleman MA, Pelliccia A, Wenger NK, Willich SN,
Costa F (2007) Exercise and acute cardiovascular events placing
the risks into perspective: a scientific statement from the Ameri-
can heart association Council on nutrition, physical activity, and
metabolism and the Council on clinical cardiology. Circulation
115(17):2358-2368

Van de Werf F, Bax J, Betriu A, Blomstrom-Lundqvist C, Crea
F, Falk V, Filippatos G, Fox K, Huber K, Kastrati A, Rosen-
gren A, Steg PG, Tubaro M, Verheugt F, Weidinger F, Weis M
(2008) Management of acute myocardial infarction in patients

@ Springer


https://CRAN.R-project.org/package=survival
https://doi.org/10.1007/s11239-025-03111-4
https://doi.org/10.1007/s11239-025-03111-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://rpkgs.datanovia.com/survminer/index.html
https://rpkgs.datanovia.com/survminer/index.html

M. Boidin et al.

18

19

20

presenting with persistent ST-segment elevation: the task force
on the management of ST-Segment elevation acute myocardial
infarction of the European society of cardiology. Eur Heart J
29(23):2909-2945

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K,
Fletcher J, Griesbeck M, Butler A, Zheng S, Lazo S, Jardine L,
Dixon D, Stephenson E, Nilsson E, Grundberg I, McDonald D,
Filby A, Li W, De Jager PL, Rozenblatt-Rosen O, Lane AA, Hani-
ffa M, Regev A, Hacohen N (2017) Single-cell RNA-seq reveals
new types of human blood dendritic cells, monocytes, and pro-
genitors. Science 356(6335).

Vinci R, Pedicino D, Bonanni A, D’Aiello A, Severino A, Pisano
E, Ponzo M, Canonico F, Ciampi P, Russo G, Di Sario M, Mon-
tone RA, Trani C, Conte C, Grimaldi MC, Cribari F, Massetti M,
Crea F, Liuzzo G (2021) A novel monocyte subset as a unique
signature of atherosclerotic plaque rupture. Front Cell Dev Biol
9:753223

Wang H, Liu Z, Shao J, Lin L, Jiang M, Wang L, Lu X, Zhang
H, Chen Y, Zhang R (2020) Immune and Inflammation in Acute
Coronary Syndrome: Molecular Mechanisms and Therapeutic
Implications. J Immunol Res 2020: 4904217

@ Springer

21

22

23

Weber C, Shantsila E, Hristov M, Caligiuri G, Guzik T, Heine
GH, Hoefer IE, Monaco C, Peter K, Rainger E, Siegbahn A, Stef-
fens S, Wojta J, Lip GY (2016) Role and analysis of monocyte
subsets in cardiovascular disease. Joint consensus document of
the European society of cardiology (ESC) working groups athero-
sclerosis & vascular biology and thrombosis. Thromb Haemost
116(4):626-637

Welner RS, Pelayo R, Garrett KP, Chen X, Perry SS, Sun XH,
Kee BL, Kincade PW (2007) Interferon-producing killer den-
dritic cells (IKDCs) arise via a unique differentiation pathway
from primitive c-kitHiCD62L+lymphoid progenitors. Blood
109(11):4825-4931

Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, Kou-
rilsky P, Wong SC (2011) Gene expression profiling reveals the
defining features of the classical, intermediate, and nonclassical
human monocyte subsets. Blood 118(5):e16-31

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	﻿Mon4 as a novel monocyte subset with distinct profile and predictor of poor outcomes in individuals with myocardial infarction
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design and participants’ recruitment
	﻿Flow cytometry
	﻿Outcome events
	﻿Statistical analyses

	﻿Results
	﻿Blood Mon4 in healthy individuals
	﻿Mon4 in STEMI

	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusions
	﻿References


